In this paper, we investigate the inbound handover confusion in the two-tier macrocell-small cell networks with help of mobility prediction. Instead of studying the mobile user's (MU) movement, we propose an analytical model for the activity status of small cells, which is to exploit the statistical property of inbound handover events that would happen in small cells. We design the cell status prediction algorithm to obtain the optimal prediction outcome of the next status for the small cells. On avoiding the handover confusion, we develop a dynamic allocation approach of physical cell identifier according to the prediction results. We design (i) the cell status prediction-based strategy, by which the dedicated PCIs will be assigned to the small cells with busy activity status while the other small cells share the public PCIs, and (ii) an integrated strategy in order to fully exploit the usage of PCI. We formulate the preference relation for small cells via reference signal received quality relation integrated with status prediction information using Bayesian average method. Simulation results reveal that the proposed algorithms yield higher accuracy than the conventional methods; in the meantime, handover confusions can be reduced significantly during the inbound handover. . Prof. Zhang founded CWiND (Centre for Wireless Network Design) in 2006. With his students and colleagues, he developed CWiND into a well-known and world-leading research group in radio propagation modeling, indoor, outdoor, indoor-outdoor radio network planning and optimization, femtocell, SON, and so on in a short time. His research interests cover radio propagation, 5G, selforganizing network (SON), smart building, smart city and smart grids, and so on.
INTRODUCTION
Mobile and wireless communications have undergone sustained and rapid growth in the first decade of the new century. Because of the developments of new standards such as Third Generation Partnership Project and the Long Term Evolution (LTE), the cellular networks have significantly enhanced the wide-range network coverage and improved mobile broadband communications. In the recent, mobile data traffic has been approximately doubling every year, and this growth is continuing unabatedly [1] . The published forecast reports, by partners from industry such as Cisco and Qualcomn [2, 3] , predict an exponential increase of mobile and wireless data traffic that would correspond to a 1000-fold increase in the forthcoming decade.
In response to the sharp increase of mobile data demand, the current macrocell networks are required to be more distributed, dense, and heterogeneous. The densification of cellular networks is one of the recognized means of alleviating this problem [4] . On the revolution to fifth generation (5G), heterogeneous networks (HetNets) and small cells are promising techniques of increasing capacity and keeping pace with future mobile data demands [5] .
In the HetNets, the macrocell is designed to provide a wide range of mobile coverage, which is overlaid by a diverse set of low-power and low-cost small cells. By offloading traffic with full reuse of frequency resources, small cells are able to provide a cost-effective way to increase capacity and coverage beyond the initial deployment of macrocell [6] .
Because of the massive deployment of small cells, including picocells and femtocells, mobile users (MUs) move between close-by cells increases considerably; hence, crosstier handover and mobility prediction play crucial roles to provision seamless coverage and ensure service continuity [7, 8] .
Related work
There are two major remaining challenges when implementing inbound handover in two-tier HetNets [9] . On one hand, mobility prediction together with the information of MU's movement is better to be known in advance, so that small cells can make proactive actions [10] , that is, allocating resources or preventing unnecessary handovers at the right places and times. A variety of previous works have been proposed to address the mobility prediction issue, and majority of them aim to predict the trajectory of the MUs [11, 12] . In [11] , the authors investigate spectral resource provisioning in the two-tier networks by designing a bandwidth caching mechanism based on three types of mobility models for MUs. The user movement probability distribution is studied in [13] to describe the possibility that MU stays in the femtocell/macrocell coverage or moves cross tiers, a movement prediction mechanism is designed to estimate the likely path of an MU's movement. It takes into account of the variation of MU's velocity and acceleration, where the assistance of Global Positioning System (GPS) or reasonably accurate positioning capability is required to obtain MUs' location. Consider that the probability of MU's next move is related to the present location; mobility prediction approaches are designed in [12, 14] to predict the heading direction of MU as well as estimate the target macro base station (MBS) or small cell base station (SCBS) which the MU may access, such as to avoid frequent handover. Nevertheless, there are limitations for these methods to capture the mobility characteristic of MUs because the relevance of the users' positions are based on predefined routes that cannot exactly represent the reality. Moreover, an MU can theoretically turn up at anywhere in the coverage range and move along in any direction; it is difficult to characterize the user's moving behavior.
Statistical information and prediction methods about handovers have been studied in [15] [16] [17] [18] to deal with the issues during handover. In [15] , a prediction framework for the channel quality after handover is proposed, in which a Q-learning-based approach is designed to improve the prediction accuracy. To solve the problem of missing neighbor cells, a neighbor cell list management scheme is proposed in [16] , which is based on the long-term user equipment (UE) measurement statistics and the increasing rate of recent measurements. For optimizing the neighbor cell list, the authors in [17] derive the handover probability from the handover history, with purpose of reducing the redundant cell scanning and thus maximizing the energy efficiency. Via studying previous visited cell information and potential handover, a distance-based neighborhood scanning scheme is proposed in [18] , in order to maximize utilization of the small cells. Inspirited by these methods, we develop a cell-centric approach for cell status prediction (CSP) that is based on defining the activity status for small cells from the perspective of history handover requests.
The other major challenge in inbound handover is the confusion issue that stems from the large number of selfdeployed SCBSs in the macrocell coverage. In LTE advanced networks, Third Generation Partnership Project suggests to identify small cells to solve the confusion or collision by allocating PCIs (physical cell identifiers) to each individual small cell [19] .
However, it is challenging to achieve this goal because of the limited number of PCIs, for example, maximum 504 in LTE-A system [20] . This results in that several small cells have to share the same PCI, and hence, confusion or collision may occur when a handover request is triggered by an MU. Figure 1 describes three typical handover scenarios: (1) an MU at the top right tends to handover from macro-tier to small cell tier, namely, the inbound handover [9] , the cross-tier PCI confusion occurs because two alternative SCBSs have the same PCI; (2) two adjacent small cells at the bottom left share the same PCI, the single tier collision, or the inter-small cell PCI collision probably comes out as an MU is moving out of one small cell to another; (3) single-tier PCI confusion, as shown at the bottom right, could happen when an MU handoff from its associated small cell and handover toward other SCBSs that share one PCI. The handover confusion leads to negative consequences that hinder the seamless connection in the two-tier macrocellsmall cell networks, such as radio link failure (RLF) and call drop, which in turn deteriorate the quality of experience for the MUs as well as degrade the system capacity [7, 9] .
To cope with this problem, cell global identifier (CGI) and E-UTRAN CGI were proposed in LTE and LTE-A because CGI is the unique ID for the individual small cell [9, 21] . This approach [9] , by introducing CGI, could cause large overhead and latency. The MUs should implement identity of the target cell in a short time interval, while CGI needs to be obtained by reading the system information that requires a large measurement time gap (e.g., up to 160 ms for LTE). In addition, the MU cannot receive or transmit any data from or to the serving cell because of the large measurement gap. Therefore, it leads to unnecessary service interruption, such as call drop or handover failure. Therefore, effective PCI reuse approaches need to be investigated for avoiding confusion during handover.
Motivations and contributions
In this work, we study how to devise the CSP algorithm for small cells and then apply it to the design of dynamic allocation strategies of PCI (DA-PCI), which is used to avoid handover confusion. Unlike the MU's movement-based prediction approaches, we investigate the activity status of small cells, which is designed to capture the statistical property of inbound handover events that happen in small cells. Our approach is a cell-based scheme wherein the CSP algorithm is proposed such as to find out the optimal prediction output of the next status for the small cells. Within the CSP method, we look into whether the small Dynamic PCI allocation on avoiding handover confusion Z. Xiao et al.
cells have frequent hand-in requests from the MUs while regardless of obtaining the movement of MUs.
We then develop a dynamic allocation scheme of PCI (DA-PCI) according to the prediction result, in order to enhance the usage of PCI and reduce handover confusions. The PCIs available for the small cell tier are divided into two categories: dedicated PCIs and public PCIs. The motivation is to assign the individual dedicated PCIs to the small cells that are facing large handover requests, while the public PCIs can be shared by the other small cells. In other words, a partition of PCIs from the entire available PCIs are treated as exclusive for the "busy" small cells, in order to fully exploit the usage of PCI and reduce handover confusions. We design two novel strategies: (i) the CSP-based DA-PCI algorithm, by which the dedicated PCIs will be assigned to the small cells that are with busy status, while the other small cells share the public PCI, and (ii) an integrated strategy. Within the integrated strategy, we propose a criterion to distinguish the isolated and the non-isolated (clustered) small cells. We then formulate the location relation integrated by status prediction information of the small cells. Through adopting Bayesian average method, we derive the preference function in order to allocate the dedicated PCI to the small cells in which handover confusion could most likely occur. Simulation results demonstrate that the proposed method yields a higher accuracy than the conventional methods; in the meantime, handover confusion and latency can be reduced significantly during the inbound handover.
The rest of the paper is organized as follows. In Section 2, we study the small cell status model and CSP algorithm, and then in Section 3, we present two strategies for dynamic allocation of PCI. The algorithm description of DA-PCI via integrated strategy is presented in Section 4. The accuracy of prediction scheme and the effectiveness of DA-PCI are demonstrated by simulation results in Section 5. Finally, we conclude the paper in Section 6.
THE PROPOSED CELL STATUS PREDICTION ALGORITHM
In this section, we model the activity status for small cells through investigating the statistical property of MUs' handover requests, instead of studying the MUs' movement. We then derive the CSP algorithm, which is able to achieve the optimal prediction output for the small cells.
We summarize the notation and description of key parameters in Table I .
Analytical status model for small cells
Define the state space of small cells as two types of status, busy and normal, which are denoted by S I and S II , respectively. "busy" (S I ) signifies a small cell that has larger handover request from MUs, and "normal" (S II ) indicates the opposite situation in which few mobility events would occur.
We first present how to define small cell status by modeling the inbound handover requests from the MUs to the small cell tier. The handover requests that may be initialized because of unnecessary handovers are also taken into consideration when we derive the activity status of small cells. Let N s denote the number of small cells in the two-tier networks and k = 1,2,…,N s . Consider the nth status of the small cell k, S n k , we use Δt to describe the duration of status time period. Based on [22] , the wireless small cell network can record the handover request and then construct the handover history. According to Jun-Bae and Seung-Que [23] , the number of MUs enters the coverage of small cell k follows the Poisson distribution with rate λ k . Let λ denote the average arrival rate of MUs that enter the entire small cell tier within Δt. For the sake of simplicity, suppose all these MUs in the ith Δt could initialize inbound handover requests to the small cells, which is denoted by X i k . It is noteworthy that X i k is independently and identically distributed for an arbitrary ith Δt.
We then denote X k as the average number of inbound handover requests to the small cell k from the MUs within a time period Δt, and theoretically, we
Let Q denote the average number of inbound handover toward the small cell tier that has taken place in the time period Δt, which can be given as
where b Á c means the trunc operation. To define the status of the small cell k, if X n k ≥Q then S k = s I , otherwise, S k = s II . Therefore, the probability of status of the small cell k is busy and can be expressed as
The probability of the status of the small cell k is normal and can be expressed as
Based on the aforementioned analysis, Q is constant for a certain λ k . According to Equation (2) and Equation (3), the probabilities P(S k = s I ) and P(S k = s II ) tend to be constant as well.
When considering the practical handover scenario, it is difficult to obtain the exact values of λ k and X k . Instead, we try to find out the estimate of X k in terms of the history observations of the inbound handover event, namely, the number of historical inbound handover requests of the small cell k. For the present nth status of small cell k, we can have the historic status sequence, which is given as H nÀ1
and n À 1 denotes the length of status sequence. In the following, we present the definition for small cell status.
Definition 1 (small cell status). We denote
=M , which is used to describe the average number of inbound handover requests to the small cell k that has taken place in the last M time periods before the nth status time period. M is the length of the historical status sequence that is used to calculate X k . With the increase of M, the difference between X k and X k will approach zero. By replacing X k with X k , Equation (1) can be rewritten as
For a specified M, if n ≤ M, we have M = n À 1. The definition of the status of small cell k can be given by
Cell status prediction algorithm
Let N k s I ; H L k À Á denote the occurrences of S I that has taken place in small cell k in the history status sequence H L k . Here, L denotes the length of H L k , which can be exploited to obtain occurrences of s I (or s II ) in the last L time periods before the nth status. We calculate the probability of the small cell k's status via
Through the same method, we can obtain
Similar with the relation between X k and X k , we would not be able to obtain the exact value of P(S k ); for this reason, we can replace P(S k ) with P L (S k ).
denote the prediction result of the status of the small cell k in the next period (i.e., (n + 1)th Δt). The optimized status prediction judgment can be given aŝ
Proof. Let PŜ nþ1 k ¼ s I describe the probability of that we predict the status for the small cell k in the (n + 1)th
Δt as busy. Therefore, the error probability of the status prediction can be expressed as
are the probabilities of the statuses for small cell k in the (n + 1)th Δt are busy and normal, respectively. According to Equation (2) and Equation (3), for an arbitrary i, we have P S i k À Á ¼ P S k ð Þ. Thus, Equation (8) can be rewritten as
By replacing P(S k ) with P L (S k ), we can obtain P e from
Based on Equation (11), P e can be illustrated in Figure 2 , in which the case P L (S k = s I ) ≥ 0.5 and the case P L (S k = s I ) < 0.5 are presented in Figure 2 is, P L (S k = s I ) ≥ P L (S k = s II ), we should predict the next status for the small cell k is busy (s I ) because we can surely achieve the minimum P e . In the same manner, the next status for the small cell k should output normal (s II ) when P L (S k = s I ) < 0.5 (i.e., P L (S k = s I ) < P L (S k = s II )). Dynamic PCI allocation on avoiding handover confusion Z. Xiao et al.
In a word, the small cell status is related with the MUs that may move close to the small cells and their attempts of accessing the small cell tier. Nevertheless, unlike the existing works that focused on studying MU's movement, we instead model the activity status for small cells from exploiting the statistical property of MUs' handover requests and hence regardless tracking the traveling of MUs. Algorithm 1 summarizes the proposed algorithm for small CSP.
For implementing the proposed CSP algorithm, two memory units are required for each small cell. One memory unit stores the handover requests of the last M status periods and the other one stores the status of the last L periods. In terms of the procedure, the complexity of CSP algorithm is O(1), and the latency is relatively small and somehow negligible. If we want to achieve a higher accuracy and hence increase L and M, the memory units size should increase as well and the latency will raise a few but can be ignored.
To conclude this section, the small cells status prediction is able to provide essential knowledge for the subsequent PCI allocation for avoiding the handover confusion.
The PCI is what the physical layer used to identify and separate data coming from different base stations including MBS and small cells. It is also used to achieve the channel synchronization of MUs and cells, which is similar to the Scrambling Codes from Universal Mobile Telecommunications System (UMTS) [24] . In this regard, when we consider the inbound handover in two-tier HetNets, a portion of the available PCIs should be exclusive for the busy small cells because they have large demand of data transmission.
DYNAMIC ALLOCATION STRATEGIES OF PCI
In this section, we propose a dynamic allocation algorithm of PCI (DA-PCI) to reduce confusion during inbound handover. Within the DA-PCI, PCI are divided into dedicated and public, wherein the principle idea is assigning the dedicated PCIs to the small cells with high hand-in requests, namely, the busy small cells. On the other hand, small cells with less handover possibility share public PCIs.
To be specific, we design two strategies for DA-PCI, the CSP-based strategy and the integrated strategy, which are motivated in terms of two different concerns: (i) regardless the geographical locations of the small cells, to ensure the dedicated PCIs assigned to the small cells that are with status s I and (ii) to achieve the maximum usage of PCI, in other word, to find out the small cells that actually need dedicated PCIs by jointly considering the cell status and the reference signal received quality (RSRQ) from the MUs during the handover.
We present the two strategies for DA-PCI in the following of this section.
DA-PCI: CSP-based strategy
Let N P denote the number of available PCIs for the small cell tier. We design a criterion for the proportion when grouping dedicated PCI and public PCI according to the previous CSP. According to the current status and the prediction result of the (n + 1)th status, the number of the dedicated PCIs for the (n + 1)th status period, N nþ1 D , is proportional with R nþ1 D;L :
R nþ1 D;L describes the ratio of s I takes place in the previous L status periods for all small cells:
In Equation (13), Δ = 1 if S nþ1 k ¼ s I , which is based on the CSP result. Otherwise Δ = 0. The PCI allocation is carried dynamically to cope with the fast changing of small cell activity status.
Because N S > N P , a certain number of public PCI should be reserved. That is to say, N D should be smaller than N p . Normally, R n D;L < 1, then N D < N p . In the extreme situation, for instance, the vast majority of small cells have high handover possibility in the previous periods, R I might approach one, then N D could be equal to N P . In such case, we make at least one PCI as public; hence, N D = N P À 1.
In short, the "s I " small cells, with high probability facing large handover requests, have the preference to assign the dedicated PCI according to the CSP-based strategy, thus allowing to avoid the handover confusion that is likely to happen in busy small cells.
In addition, because of the random manner of small cell deploying, some new small cells may turn on in the twotier HetNets system. It is unable to obtain the activity history for these new cells. To solve this, we set the new small cells with s II , namely, the normal status, because we can assume there would be a small number of handover requests when a small cell is just deployed and switched on. Therefore, the public PCI can be assigned for the new small cells.
DA-PCI: an integrated strategy
With further consideration in order to avoid PCI confusion and obtain the high usage of insufficient PCIs, we propose a novel integrated strategy for dynamic allocation of PCI. This approach has an advantage of deriving a more effective PCI allocation when comparing with the CSP-based strategy. Proposition 1. For PCI allocation based only on the CSP, the DA-PCI cannot guarantee the full usage of the limited PCI if the geographical location relation among small cells is not properly taken into consideration.
Proof. Given the unplanned deploying of small cells, the "s I " small cells might be far apart from each other. Therefore, these "s I " small cells do not need dedicated PCIs. In the contrary, the "s II " small cells sharing public PCI should be assigned dedicated PCIs if they are geographically clustered. Figure 3 (a), SCBS 1 and SCBS 2 are located far away from each other. When the MUs move toward one small cell and are able to initialize inbound handover request, for instance, MU 1 approaches SCBS 1 and receives better signal from SCBS 1 comparing with the received signal from MBS; hence, this triggers inbound handover to SCBS 1 . In the meantime, MU 1 also receives downlink signal from SCBS 2 while very weak because of the large distance between SCBS 1 and SCBS 2 . Likewise, when MU 2 moves to SCBS 2 and intends to hand-in, SCBS 2 is the only candidate target cell. Under this geographical location assumption, we can conclude that SCBS 1 and SCBS 2 have non-overlapping handover triggering regions. Therefore, regardless the status of the small cells, they can share public PCI.
As shown in
On the other hand, we consider the case where the SCBSs are distributed closely as depicted in Figure 3 (b). When MU 3 has an attempt of inbound handover, there are two competitive candidates, namely, SCBS 3 and SCBS 4 , which are with s II and can share a public PCI according to the CSP-based strategy. Consequently, handover confusion could turn out. We can also observe the similar situation, where handover confusion could take place when MU 4 moves to SCBS 4 and SCBS 5 .
To summarize, Proposition 1 reveals the inadequacy of the CSP-based strategy for PCI allocation, because of the missing of location information of small cells. When we look into that MU 5 moves to SCBS 3 and SCBS 6 , handover confusion would not happen, although these two are located tightly close, because they are with s II and s I respectively and one of them (SCBS 6 ) uses a dedicated PCI.
The aforementioned analysis proves the necessity of jointly considering the location information and the activity status of small cells when designing the PCI allocation method.
There are existing methods that utilize the small cell location information, for instance, PCI assignment using graph theory [25, 26] . These methods rely on an assumption that geographic location of small cell should be known a priori. Such an assumption is correct for the MBS as the position of MBS is carefully selected and fixed in the network planning stage, while the location of SCBSs is uncertain because of the random manner of the small cell deployment. Moreover, placing indoor SCBSs is even impossible to obtain the location information because of very weak GPS signal penetration into the buildings. Because of the location dependency of these method, localization and location management for small cell tier are needed. In [18] , the authors investigate the distance estimation among small cells, in order to reduce the neighborhood scanning for handover purposes. In [27] , the authors provide comprehensive understanding of location-aware self-organization network techniques that utilize localization in LTE/LTE-A small cell networks. The localization information is the key part of enabling advanced self-organization network methods. Rather than attempting to obtain the specific geographic location for small cells, our goal is to devise a method to characterize the location relation among small cells by means of the analysis on RSRQ [7, 19] , by which we do not need to develop accurate localization approaches. To achieve this, we design the preference relation for small cells, in which the location-relation and the CSP are deliberately integrated by using Bayesian average method [28] .
We first present the definition of a small cell k that is either isolated or clustered from the perspective of RSRQ. The MUs can measure the RSRQ from the handover candidate SCBSs when they move toward the vicinity of these small cells [9, 29] .
Definition 2 (isolated small cells). Assume an MU moves close to small cell k and the MU is able to reliably decode the control signaling from SCBS k (it may also receive signaling from other SCBSs), the small cell k can be processed as isolated, if the following inequality is satisfied.
With ε is used to describe the RSRQ difference that allows the small cell to choose the handover trigger parameters such as the hysteresis margin [9, 30] . Inequality in (14) can be equivalent to
Recall Figure 3(a) , which illustrates a typical isolated case, SCBS 1 and SCBS 2 . It is thus reasonable to infer that an isolated small cell is either far away from other small cells, or strong signal attenuation between the small cell and others. These both make a small cell as "isolated" in a sense of cell identification. As a result, when an MU triggers handover to an isolated small cell, the other small cells would not interfere this handover process.
Clustered small cells
When multiple small cells are geographically clustered, as shown in Figure. 3(b) , MUs can detect approximate RSRQs from those clustered small cells. On the other hand, small cells are developed with purpose of offloading the data and increasing capacity for the macrocell [4, 5] ; hence, the area that small cells are clustered distributed is likely with high demand of mobile data. Therefore, a clustered small cell tends to be with "s I " and thus needs a dedicated PCI as its neighbors can probably cause handover confusion when MUs move across the clustered area.
Preference of small cells via Bayesian average method
Let N I denote the amount of small cells with isolated. Clearly, no matter the activity status of the "isolated" small cells are with, they share one public PCI. We note that this public PCI can also be shared by other non-isolated (clustered) small cells. Therefore, there are still N P PCIs remaining for the rest of (N S À N I ) small cells.
Proposition 2. Consider the extreme case, all the nonisolated (clustered) small cells can have an individual dedicated PCI if N S À N I ≤ N D holds; here, N D can be obtained from Equation (12).
Proposition 2 shows an extreme case, in which there are a large number of small cells that can be treated as isolated in the macrocell coverage, while the clustered small cells with "s I " that probably need dedicated PCI are in a minority.
In general scenarios, the available PCIs are insufficient because of dense deploying of small cells, namely, (N S À N I ) > > N P and in most cases N S À N I > N D . In other words, there is certain quota on the number of dedicated PCIs that small cells should have. Hence, we form a matching problem to devise the PCI allocation strategy. We first define the preference function for small cells as follows:
where y i k denotes the normalized RSRQ from small cell k by MU i. i = 1,…, N A , N A denotes the number of MUs (voters) that can detect the RSRQ from small cell k. P L S n k À Á
can be obtain according to the analysis in Section 2.2. R D,L can be derived from Equation (13), which is nearly proportional to the occurrence frequencies of status s I . Here, E y i k Â Ã describes the average RSRQ for (N S À N I ) small cells collected by MUs, which can be expressed as
As a result, f(k,n) in Equation (15) is used to evaluate the average score for each small cells (except the isolated small cells).
Through the preference relation, we introduce a ranking scheme via Bayesian average method [28] , which characterizes the location relation for small cells by modeling RSRQ measurement integrated with the status prediction.
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The preference sequence for the clustered small cells can be written as F k; n ð Þ ¼ f k; n ð Þ; k∈ 1; N S À N I ½
In a word, we rank the small cells by means of the given preference, which is able to guarantee the dedicated PCI assigned to the small cells with (i) the high hand-in requests (ii) clustered connection with others, in other words, the handover confusion is more likely to turn out in these small cells.
ALGORITHM DESCRIPTION OF DA-PCI VIA INTEGRATED STRATEGY
Owing to the thorough study on the distribution properties of small cells, the total isolated small cells share one public PCI regardless the cell status. In the meantime, this public PCI can be also reused by the remaining small cells. Such action can aid in shrinking the number of small cells so that we can focus on the PCI allocation among the clustered small cells.
The small cells, with busy status and clustered relation with their neighbors, should have the priority to use dedicated PCIs. To this end, we deduce the preference function by employing the Bayesian average method so that to capture the "clustered connection" as well as cell status information for the clustered small cells. Therefore, the proposed integrated strategy is able to make larger usage of the limited PCIs when comparing to the CSP strategy. The DA-PCI algorithm via integrated strategy consists of two phases, which is presented in Algorithm 2.
SIMULATIONS AND DISCUSSION
In this section, we evaluate the performance for small CSP and the PCI allocation strategies. We consider a two-tier HetNets with a set of small cells located in a single macrocell, wherein parts of SCBSs are deployed indoor. Let r M and r S denote the radius of disc coverage for macrocell and small cell, respectively. We derive the activity status of small cells by modeling the handover requests from the MUs to the small cells. Notice that these handover requests also include the ones that are initialized because of the unnecessary handover. As the handover is proceeding, unnecessary handover may turn out, for instance, if an MU is moving with high speed and crossing the coverage area of small cell. By considering MU's mobility, that is, the moving speed, intelligently enhanced handover hysteresis deciding algorithm can reduce the unnecessary handover [9] . Based on the finding in [31] , we use reference symbol received power with hysteresis for MU to determine whether it would trigger inbound handover, and in the meantime, to avoid unnecessary handover via considering the impact of MU's velocity. The major simulation parameters are summarized in Table II. We first look into the accuracy of small CSP. Figure 4 depicts the predictive results, which are calculated from the 20th status, and the length of status sequence is 200. The conventional MU mobility-based prediction, which intends to capture MU's movement, such as in [12, 14] , are compared with the proposed approach in terms of the average prediction accuracy. It is observed that the accuracies of the proposed methods outperform the conventional methods that aim to capture the MU's movement (the bottom two curves). We can see that the parameters (M, L)influence the prediction accuracy. The top two curves represent the results of the proposed methods when M = 20. The accuracy grows nearly linearly as the status length is larger than 50 when L = 40. After 120 statuses, the prediction accuracy keeps almost stable and up to for k = 1 to (N S -N I ) do Compute E [ y k i ] using Equation (16) .
Compute the preference function for small cell k by using Equation (15) and the related analysis in Sec. II. end for Calculate the number of dedicated PCI N D according to Equation (12) . if N S À N I ≤ N D then Assign individual dedicated PCI to each small cell in U C S .
else Sort the preference sequence F(k,n) in descending order. Find out the first N D small cells and assign individual dedicated PCI to each. end if for the rest of small cells, in total (N S -N I -N D ), do
Classify the (N S -N I -N D ) small cells into (N P -N D ) groups according to the preference Equation (13) . Each group shares one public PCI. end for Dynamic PCI allocation on avoiding handover confusion Z. Xiao et al.
0.93. The approximate accuracy can be obtained when L = 20, but more random jitter can also be found from the green curve before 80 status. To sum up, small cell status-based prediction is able to capture the statistical property of MU's hand-in request, while the conventional methods fail to reflect the moving property of each individual MU because of the randomness and irrelevance of MUs' mobility behavior. In Figure 4 , the middle two curves based on the proposed methods show the moderate prediction results when M = 10, L = 20 and M = 10, L = 10, respectively. We can see that lower accuracies are finally achieved (0.81 in black curve and 0.85 in red curve).
In addition, the curves tremble severely, and more historic statuses have to be experienced before entering the stable stage.
We then assess the performance of the proposed DA-PCI strategies. To verify the effectiveness by applying the predictive information, we observe the number of RLF caused by the handover confusions that occur in 1 h with various numbers of small cells deployed under macrocell coverage. Figures 5 and 6 depict the simulation results, where the available numbers of PCIs are set as 0.4*N S and 0.8*N S , respectively. In this simulation, the proposed DA-PCI via CSP-based strategy, DA-PCI via the integrated strategy, the conventional PCI allocation based on MU movement prediction, and random PCI allocation as suggested in LTE [20, 21] are compared. There are more handover events and thus more confusions when the number of small cells increases, as shown by the uppermost curves with "triangle" in Figures 5 and 6 , respectively. We can see that the handover confusions are decreased in varying degrees when applying various PCI allocation methods, wherein the proposed methods can obtain better confusion avoiding results. By randomly allocating PCIs, there are still large amount of confusion issues happen during the handover process as more small cells are deployed. This implies that CGI has to be read so that large latency would be introduced and then the number of RLFs increases.
The confusion issue can be alleviated by exploiting predictive information. Results in Figure 5 show that the proposed DA-PCI algorithm outperforms the conventional methods that are based on MU movement prediction. When comparing the two DA-PCI strategies, the RLF curves of two strategies grow in different way when the number of small cells exceeds 50. With the CSPbased strategy, the number of RLFs increases with a rapid rise. When applying the integrated strategy, the RLF curve turns out to be a moderate rise. When the available PCIs increase to N P = 0.8*N S , as shown in Figure 6 , the confusions and RLFs can be further reduced in contrary to that N P = 0.4*N S . Two DA-PCI strategies can obtain better confusion avoiding performance than the other methods. The CSP-based strategy can obtain the approximate performance with the integrated strategy when the small cells are sparsely deployed for instance, N S < 50. As N S grows, the RLFs increase with slow growth, which is due to that DA-PCI via integrated strategy can further enhance the usage of the insufficient PCIs. Figure 7 depicts how the number of RLF changes under the various number of users. In this simulation, the number of small cells, N S , is set to 200, and the available number of PCIs is N P = 0.8*Ns. As the average arrival rate of MUs, λ increases, which means more MUs enter the small cells and hence more handover requests could be triggered; for this reason, more RLFs take place because of the limited PCIs. In terms of avoiding handover confusion and reducing RLFs, the proposed DA-PCI strategies can obtain better performance than the other methods with a certain MU arrival rate. When comparing the two DA-PCI strategies, the integrated strategy outperforms the CSP-based strategy, which is also validated from the results in Figures 5 and 6 .
The throughput simulations are shown in Figures 8-10 . In Figure 8 , the throughput of small cells is given under four cases with various ratio of the available PCIs to the small cell tier, namely, N P = 0.8*N S , N P = 0.6*N S , N P = 0.4*N S , and N P = 0.2*N S , respectively. The number of small cells N S is 100. As we know, the handover confusion and the RLF can cause the degradation of the system throughput. All the cases of the throughput in Figure 8 are dropping down when the number of available PCIs get much insufficient. This is because that the confusions increase when the number of PCIs becomes less. Moreover, Dynamic PCI allocation on avoiding handover confusion Z. Xiao et al.
we can see that in Figure 8 the proposed DA-PCI can achieve better system throughput when compare with other methods. In particular, when there are smaller number of PCIs, for instance, N P = 0.4*N S and N P = 0.2*N S , the proposed integrated strategy is able to offer a considerable performance advantage in terms of maintaining the throughput at an acceptable level. In Figures 9 and 10 , the throughputs in small cell tier are presented with various number of small cells, namely, N s = 100, N s = 200, N s = 300, N s = 400, and N s = 500, respectively. As N s grows, then more small cells deployed within the macrocell coverage; hence, the throughput of small cells increases. When N s > 300, the distribution of small cells turns to be relatively dense, large number of handover events turn out, and in the meantime handover confusion issues become severer because of the insufficient PCIs, for instance, N P = 0.6*N S and N P = 0.2*N S . The results from Figure 9 show that our proposed DA-PCI strategies can obtain better throughput improvement than the other methods when N s ≥ 100, especially for the dense small cell scenario, for example, when N s ≥ 400. Similar results can be seen in Figure 10 . In addition, the proposed integrated strategy still has advantage of improving throughput as N s increases. These results are owing to the joint consideration of the cell activity status and the cell distribution relation, the integrated strategy-based DA-PCI can maximize the usage of the PCIs, especially the limited dedicated PCIs. As a result, these limited dedicated PCIs are ensured to assign to the small cells that are most likely facing handover confusions. Dynamic PCI allocation on avoiding handover confusion Z. Xiao et al.
CONCLUSIONS AND FUTURE WORK
In this work, we design an analytical status model for the small cells, by focusing on investigating the statistical property of MUs' handover requests and thus regardless studying the movement of MUs. We develop a small cells status prediction algorithm, which is able to exploit the previous status and give out the optimal prediction output for the small cells' future status.
Based on the prediction, a pro-active action, dynamic allocation algorithm of PCI (DA-PCI) is proposed to avoid handover confusion and reduce handover latency. Two novel strategies are designed for DA-PCI: (i) the CSP-based strategy, by which the small cells with busy activity status can be assigned with dedicated PCIs, and (ii) an integrated strategy, wherein we formulate the preference relation for small cells via RSRQ relation integrated with status prediction information using Bayesian average method. Simulation results demonstrate that our proposed approach, rather than tracking MU's movement, is more feasible for the CSP to determine if a small cell faces large hand-in requests, as well as in resolving the handover confusion problem.
The proposed methods are applicable to deal with but not restricted to cross-tier confusion or collision issues. In terms of the future work, we will study resource allocation in wireless HetNets, such as pre-bandwidth reserving for the incoming data requirement, by taking advantage of the prior knowledge of the small CSP.
